In embryonic myocytes, closure of the mitochondrial permeability transition pore (PTP) drives mitochondrial maturation and cardiac myocyte differentiation. Since neonatal cardiac myocytes remain relatively immature, we hypothesized that inducing PTP closure at this age, by inhibiting the PTP regulator, cyclophilin D (CyPD), genetically or with Cyclosporin A (CsA) and NIM811, would increase cardiac function by increasing mitochondrial maturation and myocyte differentiation. Methods: Cultured neonatal myocytes or neonatal mice were treated for 5 d with vehicle, CsA or NIM811. Mitochondrial function and structure were measured in vitro. Myocyte differentiation was assessed by immunolabeling for contractile proteins. Cardiac function was determined using echocardiography. results: The probability of PTP opening was high in WT neonatal myocytes. Treatment with CsA or NIM811 in vitro increased mitochondrial structural complexity and membrane potential, decreased reactive oxygen species levels, and increased myocyte differentiation. WT mice treated with either CsA or NIM811 in vivo for the first 5 d of life had higher ejection fractions. Deleting CyPD had similar effects as CsA and NIM811 on all parameters. conclusions: It may be feasible to inhibit the PTP using available drugs to increase mitochondrial maturation, myocyte differentiation, and cardiac function in neonates.
n eonatal heart failure remains a significant problem resulting from a wide array of cardiac and noncardiac causes. Occurring with an incidence of 0.87/100,000 or 12,000-35,000 US children/y, up to 70% of these patients present in infancy (1) . Cardiomyopathies arise from defects in myocyte function, including mitochondrial disease, genetic defects sometimes associated with congenital heart disease, and myocardial stunning after cardiac surgery. Few studies have tested specific therapies for heart failure in infants, and nonspecific therapy is often used, including inotropic and "mitochondrial" reagents (carnitine and coenzyme Q) (2, 3) .
It has become apparent that mitochondrial maturation and myocyte proliferation/differentiation are linked throughout cardiac development, from the embryo to beyond infancy (4) (5) (6) . We demonstrated that mitochondria are less active in the early embryonic heart, and as the heart develops, mitochondria attain a more mature structure and function as the electron transport chain (ETC) assembles and activates (4, 5) . This occurs due to closure of a large conductance channel, the mitochondrial permeability transition pore (PTP), which activates mitochondria, decreases reactive oxygen species (ROS) production, and enhances embryonic myocyte differentiation. Furthermore, inducing PTP closure in embryonic myocytes, using genetic or pharmacologic inhibition of the PTP regulatory protein, cyclophilin D (CyPD), enhances myocyte differentiation (4) .
Birth, perhaps the greatest transition during life, dramatically increases demands on the heart to perfuse the entire organism and profoundly alters the physiologic environment and functional activity of the cardiac myocyte, which responds by undergoing its final stage of differentiation. At birth, the myocardium is immature and neonatal myocytes have a structure that is more "fetal" than "mature" (6, 7) . The neonatal heart also contains numerous cells that have an early embryonic morphology, making it highly proliferative such that, in the few days of life in the mouse, it can regenerate (8) (9) (10) . A transition from an embryonic/fetal pattern to a mature pattern of cardiac cellular physiology begins about postnatal day 7. This contributes to decreased myocyte proliferation, increased differentiation, and a reorganization of myofibrils from a scattered to a highly organized array (6, 7) .
The bioenergetic signature of the cell changes during this window of final myocyte differentiation (6, 7, 11) . Recent evidence suggests that these changes in bioenergetics and mitochondrial function are required for survival. For example, there is a marked increase in mitochondrial biogenesis, activity, and ultrastructural maturation in the first 2 wk of life that increases mitochondrial ROS production and promotes myocyte differentiation (11) . In addition, mitochondrial mitophagy, fusion State of the PTP Cultures were exposed to 200 nmol/l calcein-AM, 20 nmol/l TMRE, and 500 μmol/l calcium cobalt for 15 min at 37°C, as described (4) . Five separate pairs (WT or CyPD) of cultures were analyzed over 2 d, while microscope and camera settings and processing was identical for all analyses. Results are expressed as average minus background fluorescence (F−F 0 ) in areas of interest (AOI) containing mitochondria but not calcein aggregates. Calcein was normalized to TMRE fluorescence, which was not significantly different between samples.
Mitochondrial Structure
Aspect ratio and form factor were measured in anti-OSCP-labeled mitochondria using Image J (4). Fluorescence images were made binary using a convolve filter, and mitochondrial particles were analyzed for circularity (4π area/perimeter 2 ) and major and minor axes length. Aspect ratio (major axis/minor axis) and form factor (1/circularity) were calculated; both have a minimum of 1 (circular) and are >1 with elongation/branching.
Mitochondrial Membrane Potential
ΔΨ m was measured using TMRE and MTG, as described (4) . Live cultures were loaded for 45 min at 37°C with 20 nmol/l TMRE and 200 nmol/l MTG in (HEPES)-Tyrode's buffer and washed for 5 min in fresh HEPES-Tyrode's buffer. ΔΨ m is presented as the TMRE/MTG intensity ratio in the AOI.
ROS Levels
ROS levels were assessed using DCF, as described (4) . Live cultures were incubated with 1 μmol/l DCF for 45 min at 37°C in HEPESTyrode's buffer. Results are expressed as average minus background fluorescence (F−F 0 ) in the AOI.
Live/Dead Cell Assay
Myocytes were cultured in 12 well plates and analyzed per the manufacturer's instructions and (13) . Cultures were incubated in media containing 20 μmol/l calcein-AM, 2.5 μmol/l Sytox orange, and 10 μmol/l Hoechst for 30 min at 37°C. Fluorescence was measured using a Synergy HT Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT) with absorbance and emission filters set at: Calcein-485/528, Sytox-540/575, and Hoechst-350-360/460. Calcein and Sytox fluorescence were normalized to Hoechst fluorescence.
Myocyte Differentiation
Cultured myocytes were fixed, permeabilized, and labeled with antibodies to cardiac α-actinin, Tn-I, and Tn-T, which identified myocytes. The percentage of myocytes in each culture that had Z-or I-bands was quantified.
Cardiac Function
One day old WT and CyPD −/− mice were not treated or injected intraperitoneal daily for 5 d with vehicle (10% Solutol in saline), 10 mg/ kg CsA, or 10 mg/kg NIM811 (14) . Hearts were analyzed for cardiac function at postnatal day (PND) 6. Mice were anesthetized with 2% Isofluorane, and immobilized to a temperature-controlled (37°C), heated stage. Imaging was performed using a Vevo770 ultrasound machine (40 MHz probe, FujiFilm VisualSonics). Two-dimensional and M-mode images were obtained and analyzed offline using manufacturer's software.
Histology
On PND 6, mice were sacrificed by cervical dislocation. Hearts were perfusion fixed with 4% paraformaldehyde and postfixed in neutral buffered formalin. Specimens were embedded in paraffin, and sections were stained with hematoxylin and eosin for imaging. Ventricular dimensions were measured using 2× images.
ANOVA with Dunnett's or Holm-Sidak's tests; and multiple groups, non-normal distribution-Kruskal-Wallis or Friedman (repeated measures) with Dunn's test. A P-value < 0.05 was considered significant, all experiments were performed at least three times, and data is presented as mean ± SEM.
RESULTS

The PTP is Open in Neonatal Cardiac Myocytes
Based on our previous work (4) (4, 15) .
In all live-cell experiments, myocytes were identified by morphology and robust beating. As with early embryonic myocytes (4), cobalt significantly decreased mitochondrial calcein fluorescence in WT vs. CyPD −/− neonatal myocytes when calcein labeling was normalized to TMRE labeling (P = 0.001, Figure 1) . Analysis of calcein labeling alone showed a significant difference between the genotypes (P < 0.0001). In contrast, TMRE labeling was lower in WT but not significantly different (P = 0.0893). This suggests a high probability of PTP opening in mitochondria in early WT neonatal myocytes. In the following sections, we explore the results of preventing this PTP opening in the neonatal heart.
PTP Inhibition Increased Maturation of Mitochondrial Morphology
Next, we examined mitochondrial morphology in cultured ventricular myocytes. After 5 d of treatment, mitochondria in WT cultured cardiac myocytes treated with vehicle were more fragmented, round, and dilated compared with myocytes treated with either CsA or NIM811, where mitochondria were elongated and branched, forming thin, filamentous, interconnected networks (Figure 2a) . Similar changes were associated with the mitochondrial maturation that occurs with myocyte differentiation in embryonic hearts (4) . Furthermore, treatment with CsA and NIM811 expanded the mitochondrial network from around the nucleus to a more linear pattern spanning the length of the cell (Figure 2a ). This mature mitochondrial network was also present in CyPD −/− myocytes, regardless of treatment ( Figure  2b ). Statistical analysis confirmed this increase in elongation and branching (aspect ratio and form factor) of mitochondria induced by PTP closure in neonatal myocytes (Figure 2c,d ).
PTP Inhibition Increased Mitochondrial Function to a More Mature Phenotype
We then examined mitochondrial function in cultured ventricular myocytes by measuring mitochondrial membrane potential (ΔΨ m ) and ROS levels. To compare ΔΨ m between specimens, the ratio was taken of TMRE to MTG intensity, whose retention in the mitochondria is and is not dependent on ΔΨ m , respectively (Figure 3a) . Statistical analysis revealed that ΔΨ m was higher when WT myocytes were treated with either CsA or NIM811 and when CyPD −/− myocytes, regardless of treatment, were examined (Figure 3b) .
Myocyte ROS levels, assayed with DCF, were high in WT cardiac myocytes treated with vehicle and decreased after treatment with CsA or NIM811 for 5 d (Figure 3c) . A lower DCF fluorescence was also observed in CyPD −/− mice, regardless of treatment (Figure 3c ). Quantification confirmed these observations (Figure 3d ). These findings indicate that mitochondrial function (elevated ΔΨ m and lower ROS production) matures in coordination with mitochondrial network 
PTP Inhibition Enhanced Neonatal Cardiac Myocyte Differentiation
To determine if PTP inhibition increases neonatal myocyte differentiation, the proportion of myocytes with Z-or I-band labelling was quantified to assess myofibrillar organization. We previously measured cardiac myocyte differentiation by quantifying the number of α-actinin-labeled Z-bands per cell (4), but in this series of experiments, we also labeled for I-bands using anticardiac troponin I (Tn-I) and troponin T (Tn-T) antibodies. In control cultures, we found an increase in the percentage of cells labeled for both Z-and I-bands over 
PTP Inhibition Increased Cardiac Function in the Neonatal Mouse
The in vitro experiments presented above suggest that PTP closure in neonatal myocytes accelerates mitochondrial maturation and myocyte differentiation. In the following experiments, we explored whether these changes increase cardiac function in vivo. WT and CyPD −/− neonates were treated with daily intraperitoneal injections of vehicle, CsA and NIM811 from PND 1-5, and on PND 6, parameters of cardiac structure and function were measured using mouse echocardiography.
Control (untreated or vehicle treated) WT neonatal mice had a left ventricular ejection fraction of 65% (Figure 5a) . When the PTP was closed (CsA or NIM811 treatment, CyPD deletion), the ejection fraction increased significantly to 76-80% (Figure 5a) , while fractional shortening increased from 34% to 41-46% (Figure 5b) . In contrast, treatment of CyPD −/− mice with CsA and NIM811 had no additional effect ( Figure  5 ). Other parameters of left ventricular wall and lumen dimensions were mostly unchanged by these treatments, with only minor differences in left ventricular inner diameter and posterior wall thickness (see Supplementary Figure S3 online). When cultures were labeled with calcein-AM, Sytox orange, and Hoechst, there were no differences in live (e, Calcein/Hoechst) or dead (f, Sytox/Hoechst) cells between treatments. Statistical details in supplementary table s1 online; NS, not significant, *P < 0.05, **P < 0.01, ‡ P < 0.0001. CsA, Cyclosporin A; CyPD, cyclophilin D; DAPI, 4,6-diamidino-2-2-phenylindole; PTP, permeability transition pore; Tn-I, antitroponin-I; Tn-T, antitroponin-t. To determine if these treatments altered gross cardiac morphology, we examined histologic sections. In contrast to measurements made by echocardiography, measurements of chamber and wall diameters in low power histologic images revealed only minor changes in right ventricular wall thickness (Figure 6a,b and Supplementary Figure S4 online).
DISCUSSION
Maturation of cardiac myocytes during development is essential to meet the functional and metabolic demands of growth (6,7). However, although evidence indicates that mitochondria are important throughout cardiac development (7, 8, 11, 16) , the mechanisms, by which these nodes of energy production and intracellular signaling regulate cardiac development, remain poorly understood. We previously showed that early embryonic myocyte differentiation is controlled by mitochondria (4, 5) . However, we noted a limited clinical applicability of these embryonic studies due to the early stage of development and that PTP opening may be a probabilistic function of development; it is much more likely to be open early in myocyte differentiation.
Here, we provide data suggesting that mitochondria, particularly the PTP, can be manipulated in the neonatal heart and that this may have clinical applicability. We show that the PTP has a high probability of opening in neonatal myocytes (Figure 1) , and that closing/inhibiting the PTP in myocytes at this stage of development with CsA and NIM811 or CyPD deletion increased maturation of mitochondrial morphology (Figure 2 ) and increased ΔΨ m and decreased ROS production (Figure 3) . These changes were associated with increased myocyte differentiation, as indicated by increased contractile apparatus assembly, and did not affect cell survival (Figure 4) . Furthermore, in vivo treatment with these agents for the first 5 d of life significantly increased cardiac function ( Figure 5 ) without significantly changing cardiac structure (Figure 6) . Overall, these new data suggest that the PTP is more likely to be open in neonatal myocytes and that closing it or preventing its opening, as in the embryonic heart, enhances mitochondrial maturation, myocyte differentiation, and cardiac function.
Studying the PTP
Although the permeability transition of mitochondria was discovered in the 1950s, the molecular nature of the PTP has remained a mystery until recently, making studying it difficult. However, the clinically available immunosuppressant, CsA, was found to inhibit its opening, and this led to the identification of CyPD, CsA's target, as the major PTP regulator (17) . As CsA also inhibits the cytoplasmic, calcineurin pathway, CsA analogues (e.g., NIM811 and Debio025), which inhibit CyPD at submicromolar concentrations without inhibiting calcineurin, were developed (18) . To study the PTP, CsA is generally used at a concentration of 500 nmol/l or a nonimmunosuppressive CyPD analogue is used.
In clinical studies, CsA and NIM811 protect the heart from ischemia-reperfusion injury (19) , but a more recent trial demonstrated that CsA infusion during a myocardial infarction was not protective (20) . NIM811 and Debio025 have been used in clinical trials for Hepatitis C, but their use has been curtailed due to other agents' effectiveness and pancreatitis in some patients receiving Debio025 in combination with interferon (21) . Further trials using Debio025 are ongoing, but NIM811 is no longer available for use in trials (Novartis, personal communication), and these agents have not been used in neonates.
We recognize that these pharmacologic agents and CyPD deletion affect all cells in the heart and not just myocytes. However, although conditional CyPD deletion has rarely been used and only in other organs, conditional re-expression of CyPD in cardiac myocytes rescued the maladaptive response to transaortic constriction in CyPD −/− mice (22) . To address this issue, future experiments can be done using conditional deletion of CyPD.
The PTP in the Neonatal Heart
To demonstrate the state of the PTP in neonatal myocytes, we used the calcein/cobalt quenching assay. This assay relies on the ability of calcein to enter all cellular compartments, but its fluorescence is quenched by cobalt. (23) , suggest that a continuous fall in the probability of PTP opening is a property of differentiating myocytes that serves a physiologic purpose (see below). In the future, other methods, such as mitochondrial swelling and calcium retention capacity assays (24) , may be used to quantify the susceptibility to PTP opening using isolated mitochondria, while further definition of the molecular identity of the PTP (25) (26) (27) may provide additional tools to study PTP activity.
It is possible that the use of cultured cells could affect the state of the PTP and the myocyte, for a number of reasons. First, the dissociation of cells into a monolayer could disrupt cell-cell communication and bioenergetics. Second, exposure to 21% oxygen, creating a hyperoxic environment with a pO 2 of about 150 mmHg (28) , might also affect bioenergetics. However, the system of neonatal myocyte culture is well-established to study cardiac cellular physiology, and cultures were performed under identical conditions. Furthermore, we used multiple methods to manipulate one protein, CyPD, who's only apparent function is to regulate the PTP, so PTP activity most likely accounted for observed differences.
PTP Closure Induces Mitochondrial Maturation and Myocyte Differentiation
To add to our previous work using embryonic myocytes (4,5), we now demonstrate a similar effect in neonatal myocytes: PTP closure increases mitochondrial function and structural maturation, causes a fall in ROS, and induces myocyte differentiation. Other laboratories have demonstrated the importance of mitochondria in regulating balance of proliferation and differentiation in the neonatal heart (8, 11) . Combined, these data indicate that mitochondrial function regulates myocyte differentiation and function, perhaps by altering the bioenergetic potential of the cell, redox signaling, or other intracellular signaling pathways (4) (5) (6) (7) (8) 11) .
A closed PTP facilitates better coupling of the proximal 4 complexes of the ETC (creates the proton motive force) and ATP synthase (uses the proton motive force) to increase ATP production. We previously showed that closure of the PTP in embryonic hearts is associated with increased ETC assembly and activity (4, 5) . Herein, we find increased ΔΨ m after PTP closure in neonatal myocytes, suggesting increased ETC efficiency. However, the specific effects of PTP closure on ETC activity and ATP production and how this correlates to postnatal cardiac development and function in vivo will be addressed in future experiments.
Redox signaling may also regulate the balance of proliferation and differentiation during neonatal heart development.
We previously showed that closure of the PTP in embryonic myocytes decreases ROS levels, thus inducing further myocyte differentiation (4) . In these experiments, we find similar results in neonatal myocytes. Other publications also highlight the importance of mitochondrial redox signaling and are beginning to examine the ROS-dependent signaling pathways that control these phenomena (8, 11) . Redox state and mitochondrial metabolites may also regulate cardiac transcription factors such as MEF2C or GATA4 and hypoxia inducible factor signaling, which are important for cardiac development and regulated by ROS and mitochondrial metabolites (29) (30) (31) . Finally, the fall in mitochondrial ROS production may be linked to the increased ETC activity discussed above, as ETC assembly decreases ROS production from ETC complexes 1, 2, and 3 (5, 32) .
The techniques to study mitochondrial structure and function used in these experiments are standard methods in the field. However, quantifying myocyte differentiation in cultured cells is not so straight-forward. We refined the method used to study embryonic myocytes by using cardiac myocyte-specific antibodies against α-actinin, Tn-I, and Tn-T. This not only identified myocytes, but the acquisition of Z-and I-band labeling allowed for quantification of differentiation. We acknowledge that in some live cell experiments, because myocytes were identified by beating, it is possible that we did not examine extremely mature myocytes, which do not beat spontaneously. However, we also identified myocytes based on cellular morphology, and, in our numerous immunolabeling experiments, we did not see any myocytes that resembled isolated mature ventricular myocytes from adult hearts. Furthermore, we used the same identification scheme in all samples to eliminate systematic error across groups.
PTP Closure Increases Cardiac Function in Neonatal Mice
Most importantly, we found that PTP closure in neonatal mice in vivo significantly increased cardiac function ( Figure 5) . In vitro experiments suggest that this change in cardiac function is due to increased mitochondrial maturation (Figures 2 and  3 ) and myocyte differentiation (Figure 4) . Future experiments will explore the mechanisms that account for the changes in vivo, giving a detailed examination of the state of the PTP and eliminating any artifact introduced by the primary cell culture techniques.
In addition, further delineation of the cell populations affected by these treatments is important. If PTP closure accelerates differentiation of already differentiating myocytes, then this would likely be beneficial in the short-term and not detrimental in the long-term. However, if PTP closure accelerates differentiation of proliferating early myocytes or cardiac stem cells, then this could decrease the total number of myocytes in the mature heart and/or eliminate the ability of the heart to slowly replenish dying myocytes during its lifetime. It is also possible that other cell types, such as fibroblasts, may be affected by PTP closure. Future work can address these issues using additional mouse models (e.g., CyPD conditional deletion) and can also determine whether older neonatal hearts respond to these treatments, neonatal hypoxia affects the window of opportunity for this therapy, and the effects of transient PTP closure in the neonate persist as the animal grows. Furthermore, we might also explore whether these therapies can ameliorate effects of neonatal cardiomyopathies and ischemia; the role of the PTP in the pathophysiology of these diseases is currently unknown.
Summary and Clinical Applicability
These data demonstrate that neonatal cardiac myocytes are responsive to PTP closure using CsA and NIM811 and deletion of CyPD. PTP inhibition increased mitochondrial maturation and induced myocyte differentiation in vitro. More importantly, closure of the PTP in vivo significantly increased cardiac function in the first week of life. These results suggest that manipulation of mitochondria and the PTP, using clinically available drugs, may be useful to increase cardiac function in neonates with congestive heart failure caused by primary cardiomyopathies, cyanotic or other heart defects, or cardiac bypass. Furthermore, because these drugs would cause transient closure of the PTP during this neonatal window, then the potential detrimental effects of permanent PTP closure seen in the CyPD −/− mice (22) might be avoided.
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